Abstract: The aim of this work is to study the sound field distribution in an experimental scale-model of two coupled rooms. An automatic scanning mechanism moves a microphone in small grid steps to measure room impulse responses at each grid point. The measurements cover the entire two-dimensional area of the coupled rooms. Sound energy distributions can be analyzed in the form of animated visual displays, revealing sound propagation across the coupling aperture and inside each room. This paper describes the measurement results, and the analysis method, which offer deep insights into the temporal development of a sound field in coupled spaces.
Introduction
This work investigates spatial sound field distributions with evolving time instances to reveal the sound energy propagation across the coupling apertures of and inside two acoustically coupled rooms. The investigation is carried out experimentally using an automated two-dimensional scanning system over a one-eighth (1:8) scale model of two coupled rooms.
The recent trend toward incorporation of coupled reverberation chambers in performance venues 1 has resulted in vibrant research activities in coupled-volume systems. These coupled chambers can create multi-rate energy decays in the main floor of the venue to simultaneously meet the two desirable, but competing perceptual attributes of the performance hall, reverberance and clarity. For a better understanding of specific energy decay characteristics, some authors employ computer-models to reveal the sound energy exchanges between the coupled spaces. [2] [3] [4] [5] Computer simulations in low and middle frequency ranges suffer from strong approximations especially when diffusely reflecting boundary conditions are to be considered. With this in mind, this work carries out extensive experiments driven by an automated scanning mechanism with a resolution required to experimentally study sound fields in coupled-volume systems with highly diffusive reflecting boundaries. The goal of this research is to reveal how sound waves propagate from one room into another based on experimentally measured data. In order to reveal the sound propagation phenomena, the experimental measurements need to be carried out with high-spatial resolution, as dictated by the spatial Nyquist theorem. Once high-resolution experimental data are collected using this automated scanning system in scale-model rooms, various sound wave propagation phenomena over different frequency ranges and within different time frames can be obtained, from which a series of graphical displays with evolving time steps (animations) can be created. The experimentally measured data in the form of room impulse responses are formulated into instantaneous sound energy distributions, from which low frequency sound propagation animations are created. The primary motivation for using experimentally measured data is to provide a fundamental understanding of sound wave propagation in a coupled volume system, benefitting theoretical studies of room acoustics modal analysis 5, 6 and informing practical designs.
a) Author to whom correspondence should be addressed.
A recent companion paper 7 reported on high-spatial sampling of experimental room acoustics measurements. An automated scanning system equipped with a microphone line array has been applied to sample two-dimensional subareas of a full-scale single-volume enclosure showing, among other things, sound wave propagation over chair rows (in the form of animations). Acoustical scale-down models have also recently been applied in investigations of acoustically coupled volume systems. [8] [9] [10] The scanning system used in this scale model of two coupled spaces has also been previously documented in a recent publication 10 in the context of applying stationary data analysis to validate a numerical modeling method based on a room-acoustic diffusion equation. 3 Beyond stationary measurement results, this paper will describe the scanning measurements, the analysis method, and discuss the experimental results in the form of sound energy distributions. These distributions are animated with evolving time to visualize low frequency wave phenomena and the effect of the coupling configurations and material surfaces on the wave fields. To the best knowledge of the authors, these kinds of experimental results, based solely on high-spatial resolution measurements for investigations on acoustic coupled-volume systems, have not yet been published in relevant acoustics literature. This paper is organized as follows: Section 2 describes the experimental model developed for this work, Sec. 3 presents the analysis results while Sec. 4 provides some discussions and finally Sec. 5 concludes the paper. Figure 1 (a) shows a one-eighth scale model of two coupled rooms of different volumes. The two rooms are separated by a movable and replaceable wall to allow for different sizes of coupling aperture. Figure 1 (b) shows a top view of the larger room in the case where the movable partition completely separates it from the smaller room. The coupling aperture is significantly different from the experimental investigations carried out previously, 10 where a single opening with different widths was studied for validating the same simulation configurations using a diffusion equation model. Recently, a conceptual design of a concert-hall with coupled reverberation chambers 11, 12 was investigated. The hall uses evenly distributed coupled narrow slits to obtain more diffusely coupled energy distributions. Inspired by this study, the current work investigates narrow coupling apertures, featuring five equal-width slits as illustrated in Fig. 1(c) . Each coupling slit measured 5 cm (40 cm in full-scale) wide and 30 cm (2.4 m in full-scale) high. Five vertical, equidistant, parallel coupling slits were cut through the room partition, extending to the top third of the room partition. The microphone is place at the same level as the center of each slit. Figure 1 (b) also shows a miniature dodecahedral sound source of 5 cm in diameter which is approximately omni-directional within the frequency range of interest, particularly below 800 Hz in full-scale. A stepper-motor-driven scanning mechanism is installed on top of the two rooms outside to move a foot-stamp equipped with two pieces of strong magnets. On the opposite side of an 8-mm thick Plexiglas cover, a microphone holder is mounted on a base also containing two pieces of strong magnets. This magnet-coupling ensures precise microphone movement along with the microphone cable inside, ensuring that no objects are moving in the scanning process. Two stepper-motors are used to create an automated scanning mechanism defined over two perpendicular axes (X-Y) with a repositioning uncertainty on the order of 1 mm (8 mm in full-scale). For accurate spatial sampling, the scan grid spacing is set to be 1 cm (8 cm in full-scale) at a minimum, 10 times larger than the repositioning uncertainty. The synchronized scanning measurement with grid spacing then dictates the upper limit of analysis frequency, f upper , for coherent wave front reconstruction, governed by the spatial sampling theorem
Experimental model
where c is sound speed and s is the scan gird spacing (in meters). Inside the two rooms, all the walls feature diffusely reflecting surfaces, but the top cover of the model and the separating wall with the five narrow coupling slits are completely flat. These surfaces are designed using random numbers for shaping the irregular surface roughness to achieve as many scattering reflections as possible. Their experimentally measured diffusion coefficients ranging from 0.4 to 0.78 over a frequency range of 300 Hz to 3 kHz (in full-scale) have been documented elsewhere. 10 A dodecahedral scale-model sound source covering a frequency range up to 25 kHz is used for the measurement of the room impulse response. When scaling up to full size, the sound source covers up to 3.1 kHz. With the completion of each measurement, the stepper-motor moves to the next grid point, with a sufficiently long delay before the next measurement (2 s) to ensure that the scanning mechanism has completed its movement before the next room impulse response measurement begins. Figure 2 (a) illustrates the room areas covered by the scanning measurements which are carried out separately for each room. In addition, interior walls are labeled in Fig. 2(a) by A1-A3 in the primary room, B1-B4 in the secondary room, and C1-C2 for the coupling aperture. These wall labels facilitate discussions in the following on sound energy distributions in respective parts in the coupled rooms. It is not possible to scan closer than 3 cm (24 cm in full-scale) to all the interior surfaces, including the aperture on either side. Therefore, there is a blind area of about 9 cm (72 cm in full-scale) in width separating the primary room and the secondary room, as indicated in Fig. 2(a) .
The top of the two rooms (shown in Fig. 1 ) is made of Plexiglas. The sound source is located in the primary room against wall A1 [marked by a black dot in Fig.  2(a) ] and 25 cm (2 m in full-scale) above the bottom surface of the primary room. Since the secondary room is of rectangular shape, the scanning grid is 1 cm (8 cm in full-scale along the x axis) by 2 cm (16 cm in full-scale along the y-axis). Given this spacing, the spatial sampling theorem in Eq. (1) yields an upper frequency limit of 1 kHz (in full-scale). The full-scale frequencies of interest range from 40 Hz to 1 kHz, which translates to a scale-model frequency range from 320 Hz to 8 kHz when scalingup 8 times. A log-sweep sine signal is used as the excitation signal to obtain room impulse responses with a length of 65 536 data points for each room impulse response, at a scale-model sampling frequency of 100 kHz (corresponding to 12.5 kHz in fullscale). 
Experimental scanning results
The following discussion describes the analysis in the full-scale frequencies. Before the scanning measurements, a number of stationary measurements were conducted to characterize the room-acoustic conditions. The two rooms were first completely separated by a solid partition, providing insight into the natural room acoustic properties before the partition was replaced by the coupling configuration (with five coupling slits). Figure 2(b) illustrates the natural reverberation times in each room from the 125 Hz to the 1 kHz octave band averaged over five different measurement locations.
In order to show wave propagation, the room impulse responses experimentally measured over the two-dimensional scanning grid can be processed in a number of ways. One way involves using the spatially measured magnitude and phase relations over the grid points to derive spatial maps evolving with time at a narrow/single frequency. 13 However, this work analyzes the high-spatial resolution scanned data in the time-domain, evaluating bandpass-filtered room impulse responses by squaring the amplitude values and summing the squared values over a small time interval (a fraction of a millisecond). A bandpass filter can be applied for either octave, one-third or one-sixth octave bands. The sound energy propagation can be inspected via time-step animations, where the number of steps corresponding to 1 ms is chosen arbitrarily as a matter of a convenient animation speed for visual inspection. Section 4 discusses two representative animations at the 63 and 500 Hz octave band to demonstrate the fully functioning spatial sampling using this high-spatial automated scanning system. The animations represent sound propagation as energy levels (in dB) in the coupled volume system, viewed overhead, for the first 120 time frames. Three frames are contained within 1 ms, resulting in animations that cover the first 40 ms [a few initial frames are included before the first wave front propagates from the front (bottom) wall into the illustrated sound field]. These distribution maps simply represent background noise energy at each grid [one of them is also shown in Fig. 2(a) ]. The signalto-noise ratio obtained is typically higher than 54 dB. All key stages of sound propagation between the primary room and the secondary room can be illustrated. Figure  3 also illustrates two animation frames showing sound energy distributions at these two representative frequencies, respectively, at a time instance of 17 ms from the start of excitation.
In Mm. 1, at the 63 Hz octave band, sound energy distributions are rendered as time evolves. The source location can be recognized at the time frame corresponding to 1 ms after the start of the animation. Beginning at 8 ms from the start of the animation, two circular wave extremities can be observed, their distance representing the average wavelength at the center frequency of 63 Hz. Also at this time instance, the first wave front enters the secondary room. At 16 ms, the modal extremities in both rooms are recognized to be virtually connected, even though the blind gap around the partition cannot provide any results. At 18 ms, the wave front and the wave extremes in the secondary room are slightly uneven due to the five coupling slits, but the coherent wave front indicates that discontinued coupling at this low frequency does not have a significant influence on the wave propagation. Similarly, low-frequency sound propagation is insignificantly influenced by the interior scattered surfaces. As time increases, the sound energy keeps propagating until 34 ms after the start of the animation, at which point the sound wave coming from the primary room reaches the upperright corner of the secondary room. Mm. 1 Two-dimensional, time-dependent sound energy propagation at 63 Hz. The scanning along the X-Y axes is implemented in a 1 cm Â 2 cm grid [8 cm Â 16 cm in full-scale, see Fig. 2(a) for the exact dimension of the two rooms]. This is a file of type "mp4" (33.8 Mb).
In Mm. 2, at 500 Hz, the effect of the coupling slits on the energy distribution is more prominent. Also, the diffusely reflecting interior surfaces increase the diffusion of the sound in the coupled volume system as well. Already 8 ms from the start of the animation, the spherical wave propagation is clearly disturbed by two of the diffusely reflecting wall surfaces (wall A1 and wall A2) in the primary room. Additionally, at this time, the first wave front enters the secondary room through the coupling slits. Circular wave extremes can be observed, with their smaller distance (relative to that of 63 Hz) representing the average wavelength at the center frequency of 500 Hz. Around 16 ms, the locations of the coupling slits are clearly recognizable through the sound energy distribution in the secondary room, since the sound energy pumps into the secondary room through these opening slits, while the sound field in the primary room begins to diffuse considerably. At 24 ms, the degree of sound diffusion is already increasing in the primary room, and due to massive modal overlap, no distinct modes can be distinguished. Meanwhile, the first wave front in the secondary room is still traveling toward the upper-right corner (wall B2 and B3). The coupling slits cannot be recognized due to the irregular pumping of the diffused energy from the primary room into the secondary room. The sound field near the partition wall (C2) in the secondary room also begins to diffuse. At 33 ms, the first wave front reaches the upper-right corner of the secondary room, while the sound field in the primary room has been decaying and diffusing significantly. From this time instance on, the sound field near the partition (C2 and B1) in the secondary room increasingly diffuses while the wave fronts near the upper-right corner are still properly progressing. The sound field in the secondary room, therefore, exhibits different, location-dependent degrees of diffuseness.
Mm. 2 Two-dimensional, time-dependent sound energy propagation at 500 Hz. The scanning along the X-Y axes is implemented in a 1 cm Â 2 cm grid [8 cm Â 16 cm in full-scale, see Fig. 2(a) for the exact dimension of the two rooms]. This is a file of type "mp4" (35.2 Mb).
Discussion
All the animations of the sound energy distribution evolving with time are derived from experimentally measured room impulse responses within a 1 cm Â 2 cm (8 cm Â 16 cm in full-scale) grid. The upper frequency limit dictated by the spatial Nyquist theorem is equal to 1 kHz. Well-behaved animation results up to this limit frequency contain coherent wave fronts of sound propagation, indicating that the analysis strategy is suitable. If room-acoustic analysis other than the coherent wave propagation is needed, single point measurements taken at any scanning grid position can also be used to illustrate the desired properties for a much broader and higher frequency range as dictated by the temporal Nyquist frequency (but still limited by the sound source used). This work, however, solely focuses on the animations of the sound energy propagation, so that the results presented are confined well below the spatial Nyquist frequency, as in Eq. (1) . Note also that the animations render the sound energy propagation derived from room impulse responses as if the spaces were excited by a single broadband impulsive excitation, so the modal evolutions as demonstrated in Fig. 3(a) and Mn. 1 show the evolution of corresponding room-acoustic modal distributions. Though beyond the scope of the current work, stationary steady-state modal behaviors can also be derived from experimentally measured room impulse responses when convolving the room impulse responses with single harmonic signals or narrowband steady random noises.
Concluding remarks
This scale model has been developed to facilitate the analysis of low and mid frequency sound propagation in a coupled volume system using experimentally measured data. The scanning method can be used to study the effect of different aperture configurations and materials inside a scale model. By carefully selecting the measurement parameters such as the resolution and sampling frequency, this technique can be used to study acoustic phenomena which take place at low frequencies and mid frequencies. Experimental investigations using this model need not be limited to coupled volume systems; single-volume rooms can also be studied. Instantaneous sound energy animations have been successfully used to analyze acoustic coupled phenomena in the form of wave propagations and energy distributions.
